Chronic methamphetamine (meth) abuse can lead to persisting cognitive deficits. Here, we utilized a long-access meth self-administration (SA) protocol to assess recognition memory and metabotropic glutamate receptor (mGluR) expression, and the possible reversal of cognitive impairments with the mGluR5 allosteric modulator, 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl) benzamide (CDPPB). Male, Long-Evans rats self-administered i.v. meth (0.02 mg/infusion) on an FR1 schedule of reinforcement or received yoked-saline infusions. After seven daily 1-h sessions, rats were switched to 6-h daily sessions for 14 days, and then underwent drug abstinence. Rats were tested for object recognition memory at 1 week after meth SA at 90 min and 24 h retention intervals. In a separate experiment, rats underwent the same protocol, but received either vehicle or CDPPB (30 mg/kg) after familiarization. Rats were killed on day 8 or 14 post-SA and brain tissue was obtained. Meth intake escalated over the extended access period. Additionally, meth-experienced rats showed deficits in both short-and long-term recognition memory, demonstrated by a lack of novel object exploration. The deficit at 90 min was reversed by CDPPB treatment. On day 8, meth intake during SA negatively correlated with mGluR expression in the perirhinal and prefrontal cortex, and mGluR5 receptor expression was decreased 14 days after discontinuation of meth. This effect was specific to mGluR5 levels in the perirhinal cortex, as no differences were identified in the hippocampus or in mGluR2/3 receptors. These results from a clinically-relevant animal model of addiction suggest that mGluR5 receptor modulation may be a potential treatment of cognitive dysfunction in meth addiction.
INTRODUCTION
Methamphetamine (meth) addiction is a chronically relapsing disorder that can induce psychiatric symptoms and cognitive impairments. Clinical data reveal that long-term meth users exhibit deficits in specific cognitive domains, with memory tasks among the most pronounced (Scott et al, 2007) . For example, deficits have been demonstrated on tests of verbal (Hoffman et al, 2006) , working (Gonzalez et al, 2007) , prospective (Rendell et al, 2009) , and episodic memory (Simon et al, 2004) . These deficits coincide with meth-related changes in the cortical metabolites N-acetylaspartate, creatine, phosphocreatine, and choline (Chang et al, 2007; Salo et al, 2007) , decreased frontal cortical activation (Paulus et al, 2003) , reductions in dopamine transporter availability (Volkow et al, 2001a, b) , and downregulation of the glutamate/glutamine (GLX) system in clinical populations (Ernst and Chang, 2008) . Although some cognitive and neuronal deficits appear to recover with time (Ernst and Chang, 2008; Salo et al, 2009; Volkow et al, 2001a) , memory deficits may have a crucial role in adherence to treatment protocols.
In preclinical rodent models, some components of episodic memory can be evaluated by an object recognition task (Ennaceur, 2010) . Object recognition tasks are based on the natural tendency of rodents to spend more time interacting with novel relative to familiar objects (Berlyne, 1950) and provide a one-trial recognition memory task that does not involve heuristic learning or changes in motivational state (Ennaceur and Delacour, 1988) . Experimenter-delivered meth impairs recognition memory under multiple dosing conditions (Belcher et al, 2005 (Belcher et al, , 2006 (Belcher et al, , 2008 Bisagno et al, 2002; Schröder et al, 2003) . However, these studies deliver acute high meth doses in a manner unlike that experienced by human addicts. Extended daily self-administration (SA) paradigms are considered to provide clinically relevant approaches for modeling addiction because they rely on response-contingent drug delivery and are often characterized by an escalation of drug intake reminiscent of human drug taking (Ahmed and Koob, 1999; Ahmed et al, 2000; Kitamura et al, 2006) . Recently, our laboratory reported that extended access to meth SA increased meth intake, enhanced reinstatement of drugseeking after a meth-priming injection, and impaired novel object recognition (Rogers et al, 2008; Schwendt et al, 2009) . The deficit in novel object recognition was dependent on cumulative daily meth access period (1, 2, or 6 h per day), with only 6 h per day, animals showing significant deficits relative to yoked-saline controls.
Fast acting ionotropic glutamate receptors in the perirhinal cortex are thought to mediate the acquisition, consolidation, and retrieval of recognition memory (Winters and Bussey, 2005) . In fact, blockade of N-methyl-D-aspartate (NMDA) receptors in the perirhinal cortex before sampling objects impaired object recognition at 1 and 24 h intervals (Barker GR et al, 2006; Barker GRI et al, 2006; Barker and Warburton, 2008) . However, the less-studied metabotropic glutamate receptors (mGluR) also have a role in recognition memory. For example, systemic administration of mGluR antagonists (mGluR2/3 and five subtypes) before sampling novel objects and before testing impaired short and longterm recognition memory (Barker GR et al, 2006; Barker GRI et al, 2006; Christoffersen et al, 2008) . Additionally, stimulation of mGluR5 with the positive allosteric modulator, 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl) benzamide (CDPPB), enhanced recognition memory in normal rats (Uslaner et al, 2009 ) and facilitated spatial memory in mice (Ayala et al, 2009) .
Therefore, in this study, we first determined whether extended access to SA meth, a translationally relevant regimen with cognitive and motivational consequences, interferes with recognition memory using a well-characterized one-trial memory task. Further, we extracted brain areas associated with recognition memory at a time point well after meth SA (two weeks) in order to examine potential changes in mGluR levels during abstinence. This time point is consistent with previous noncontingent meth binge, escalation, and sensitization regimens that have tested recognition memory on days 7 and 8, followed by neurochemical analysis at 14 days after meth (Belcher et al, 2005 (Belcher et al, , 2006 (Belcher et al, , 2008 . As we observed a decrease in mGluR5 levels in the perirhinal cortex in meth SA rats relative to yoked-saline rats, in a subsequent experiment we tested whether positive allosteric modulation of mGluR5 would reverse the meth-induced memory deficit and alter receptor expression shortly after object recognition behavior was assessed. Although the prefrontal cortex is not traditionally considered part of object recognition circuitry (Barker et al, 2007; Mitchell and Laiacona, 1998; Warburton and Brown, 2010) , some evidence suggests involvement of prefrontal mGluR5 receptors (Christoffersen et al, 2008) . As such, the perirhinal cortex, prefrontal cortex, and hippocampus were collected. These assessments of meth-induced memory impairments and the subsequent pharmacological reversal may provide insight on the possible mechanisms involved in recognition memory deficits following meth SA.
MATERIALS AND METHODS

Subjects
A total of 63 male Long-Evans rats (Charles-River) weighing 250-300 g were individually housed on a reversed 12 : 12 light-dark cycle. Rats received ad libitum water and standard rat chow (Harlan, Indianapolis, IN), except during initial acquisition of SA, when they received 25 g per day.
Procedures were conducted in accordance with the 'Guide for the Care and Use of Laboratory Rats' (Institute of Laboratory Animal Resources on Life Sciences, National Research Council) and approved by the IACUC of the Medical University of South Carolina.
Surgery
Rats were anesthetized with i.p. ketamine (66 mg/kg,), xylazine (1.3 mg/kg), and equithesin (0.5 ml/kg. Ketorolac (2.0 mg/kg) was administered preoperatively for analgesia. One end of a silastic catheter was inserted into the external right jugular and secured with 4.0 silk sutures. The other end ran subcutaneously and exited from a small incision just between the scapula and attached to an infusion harness (Instech Solomon, Plymouth Meeting, PA) that provided access to an external port for i.v. drug delivery. The antibiotic, cefazolin (10 mg/0.1 ml), was infused postsurgery and during recovery with 0.1 ml 70 U/ml heparinized saline. During SA, rats received an infusion (0.1 ml) of 10 U/ml heparinized-saline before each session. After each session, catheters were flushed with cefazolin and 0.1 ml 70 U/ml heparinized saline. Catheter patency was verified by periodic infusions of methohexital sodium (10 mg/ml in 0.9% NaCl), a short-acting barbiturate that produces a rapid loss of muscle tone when administered i.v.
Meth SA
SA occurred in chambers (30 Â 20 Â 20 cm 3 , Med Associates, St Albans, VT) housed inside sound-attenuating cubicles fitted with a fan, metal arm, and spring leash attached to a swivel (Instech), two retractable levers, two stimulus lights, a speaker for tone delivery, and a house light. Tygon tubing extended through the leash and connected to a 10 ml syringe mounted on an infusion pump outside the cubicle. After 5 days of recovery, rats were assigned to meth or yoked-saline control groups. Meth hydrochloride (Sigma, St Louis, MO), dissolved in sterile saline, was administered daily during 1-h sessions for 7 days on an FR1 schedule of reinforcement, followed by 6-h sessions for 14 days (Figures 1a and 2a) . The house light signaled the beginning of a session and remained on throughout the session. A response on the active lever resulted in a 2-s infusion (20 mg/50 ml bolus), and presentation of a stimulus complex consisting of a 5-s tone (78 dB, 4.5 kHz) and a white stimulus light over the active lever, followed by a 20-s time-out. Responses during the time-out and on the inactive lever were recorded, but had no scheduled consequences. Yoked controls received a 50 ml saline infusion whenever the matched subject received a meth infusion.
Novel Object Recognition
During abstinence, rats were handled daily, but never returned to the SA chamber. On days 5 and 6, rats were habituated to the apparatus for 5 min without objects. During familiarization, rats explored two identical objects for 3 min (day 7 abstinence). A short-term memory test was conducted 90 min later by allowing rats to explore an object from the familiarization phase and a novel object for 3 min. A long-term test was conducted 24 h after sampling (day 8 abstinence), in which rats were given the familiar object and a different novel object. Both familiar vs novel objects and object placement were counterbalanced. The objects used were on the basis of preliminary research with naïve rats demonstrating that the objects engendered similar exploration and consisted of combinations of a white sock (7.5 Â 7.5 cm 2 ), a PVC pipe (6.4 Â 3.8 cm 2 ), a plastic scouring pad (9 cm diameter), a paint roller (7.5 Â 2.5 cm 2 ), a light bulb (8.9 cm), and a tennis ball (adapted from Bevins et al, 2002) . Object exploration was defined as sniffing or touching the object with the nose but not sitting, leaning, or standing on the object. All objects and the apparatus were wiped down with 70% isopropyl alcohol between sessions.
Tissue Extraction and Western Blotting
Rats were rapidly euthanized on day 8 or 14 of abstinence; brains were removed and chilled on ice. Regions of interest (Supplementary Figure S1 , Supplementary Materials and Methods) were dissected from 2 mm thick coronal slices obtained using a rat brain slicer (Braintree Scientific, MA). Tissues were processed for crude membrane (P2) fractions and stored at À801C until further processing. Samples were solubilized in 1% SDS/phosphate-buffered saline containing protease and phosphatase inhibitors (Complete Mini protease inhibitor; Roche Diagnostics, Indianapolis, IN) and a Halt phosphatase inhibitor (Thermo Fisher Scientific, Rockford, IL). Equal amounts of protein (10 mg) were resolved using SDS-PAGE (4-15%) and transferred to 
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CM Reichel et al PVDF membrane (BioRad, Hercules, CA) under either nonreducing or reducing conditions. Under non-reducing conditions, mGluR2/3 and mGluR5 migrate as a single high-molecular weight band corresponding to a receptor dimer (Copani et al, 2000) . Addition of 20 mM DTT resulted in a partial reduction of mGluR5 dimers into monomers, without affecting mGluR2/3 dimer state. As it is believed that the dimer form is the functional form of the mGluRs (Pin et al, 2003) , mGluR5 receptor levels were analyzed under non-reducing conditions. The membrane was blocked with 5% w/v powdered milk/Tris-buffered saline/Tween-20, and probed with rabbit antibodies for mGluR5 at 1 : 10 000 or mGluR2/3 at 1 : 10 000 overnight at 41C (Millipore, Billerica, MA). After washing, the membranes were incubated with goat anti-rabbit antiserum (1 : 10 000) at room temperature, followed by washing with Tris-buffered saline/Tween (3 Â 10 min). Protein signal was detected using enhanced chemiluminescence plus (Amersham Biosciences, Piscataway, NJ). Equal loading and transfer of proteins were confirmed by probing with anti-calnexin antiserum (Enzo Life Sciences Plymouth Meeting, PA). Samples were assayed in duplicate and matched controls run on each gel. Integrated density of the bands was measured with Image J software (National Institute of Health, Bethesda, MD).
Experimental Procedures
Experiment 1: meth-induced deficits in recognition memory and mGluR expression in perirhinal cortex and hippocampus. Rats (n ¼ 21) underwent SA, followed by object recognition testing using a gray painted wooden box (40 Â 40 Â 38 cm 3 ). Object recognition was recorded and stored with Noldus tracking software (EthoVision XT 6.0, Leesburg, VA) and an observer naive to the experimental conditions manually scored behavior. The perirhinal cortex and hippocampus were collected on the 14th day of abstinence from meth SA.
Experiment 2: CDPPB reversal of meth-induced deficits in recognition memory. Rats (n ¼ 43) underwent SA, followed by object recognition testing on a round wooden open field (125 cm diameter, 1.5 cm thickness, 65 cm above the floor) painted gray. This change in testing apparatus was used to accommodate a software upgrade that provided additional measures of approach and activity during the sessions. Object recognition was recorded, stored, and scored with the event recorder of Noldus tracking software (EthoVision XT 7.0). Object recognition testing occurred as before, except that rats received vehicle or CDPPB (30 mg/kg) immediately after familiarization. This dose of CDPPB reversed MK-801-induced attentional deficits (Stefani and Moghaddam, 2010) . CDPPB, synthesized by IQsynthesis (St Louis, MO), was suspended in 0.5% methylcellulose and injected SC at a volume of 2 ml/kg. Four distinct groups were tested: saline/vehicle, saline/CDPPB, meth/vehicle, and meth/CDPPB (the meth groups were balanced according to SA intake). Rats were rapidly decapitated and brains removed immediately after the 24 h test on the 8th day of abstinence from meth.
Statistical Analyses and Behavioral Observations
Meth intake (mg/kg) was the primary dependent measure for SA and analyzed with a repeated measures analysis of variance (ANOVA) over the 14 days of long access. Time spent with each object was the primary dependent measure during object recognition testing. Data were converted to a recognition index (novel object exploration/novel object + familiar object exploration). To demonstrate that object recognition occurred for each group, the recognition index was compared with a hypothetical mean of 0.5 using independent t-tests. A recognition index of 0.5 indicates equal time spent exploring both objects, greater than 0.5 indicates more exploration of the novel object, and less than 0.5 indicates more exploration of the familiar object. Between-group comparisons were conducted using ANOVA. Western blot data, represented by band density values, were normalized using calnexin band immunoreactivity for the same sample, expressed as a percent of yoked saline control, and analyzed by ANOVA. Pearson product-moment correlation coefficient (r) was used to assess the degree of association between meth intake with mGluR expression and object recognition. A mean recognition index was calculated from both tests for these correlations. Post hoc comparisons consisted of Tukey HSD tests. Statistical analysis was conducted with the alpha set at 0.05, and all data are expressed as the mean±SEM. Meth SA. Figure 1b shows lever responding and meth intake (mg/kg). Yoked-saline rats indiscriminately displayed low levels of responding on both levers. Meth rats showed a distinction between active and inactive lever responding throughout the first 7 days of 1-h access, which was even more pronounced during the 14 days of 6-h access. Escalation of meth intake occurred rapidly. Specifically, over the 14 days of long-access sessions, meth intake on day 5 and days 7-14 was higher than on the first day of long access (F (13,130) Object recognition. At 1 week after meth access discontinued, rats were tested for recognition memory. During familiarization, yoked-saline (0.52 ± 0.06) and meth (0.55 ± 0.03) rats had similar exploration values (to1, NS), and neither of these values was significantly above 0.5 (tso1.6, NS), indicating equal exploration of both objects. Figure 1c shows the comparisons between the long-access meth group and yoked-saline control group. Only control rats displayed object recognition memory, with significantly higher recognition scores on the 90 min (t (9) ¼ 7.45, po0.0001) and 24 h (t (9) ¼ 3.97, po0.005) tests relative to the hypothetical mean of 0.5. In contrast, meth rats did not differ from the hypothetical means on either test, indicating a lack of recognition memory (tso1.8, NS). When directly compared, control rats had significantly higher recognition indices than meth rats at both 90 min (t (19) ¼ 2.47, po0.05) and 24 h (t (19) ¼ 2.5, po0.05). Additionally, Figure 1d depicts a negative correlation between meth intake and recognition index (r 2 ¼ 0.37, po0.003).
mGluR expression. Figure 2 shows mGluR2/3 and -5 expression in the hippocampus and perirhinal cortex of yoked-saline and long access meth SA rats on abstinence day 14. All data were normalized to calnexin and expressed as the percentage of the yoked-saline control. In the hippocampus, there were no differences between saline and meth rats in mGluR2/3 or mGluR5 expression (ts o1, NS). Likewise, mGluR2/3 expression did not differ in the perirhinal cortex (tso1, NS); however, mGluR5 was significantly reduced in meth rats relative to saline controls (t (17) ¼ 2.18, po0.05). Furthermore, rats (n ¼ 4) with the highest meth intake (ie, top quartile) had a 23% decrease in mGluR5 relative to controls (t (11) ¼ 2.52, po0.05), an effect not evident with perirhinal cortex mGluR2/3 levels.
Experiment 2: CDPPB Reversal of Meth-Induced Deficits in Recognition Memory
Meth SA. Figure 3b shows lever responding and meth intake (mg/kg). Similar to experiment 1, meth rats showed escalated meth intake. Specifically, over the 14 days of longaccess sessions, meth intake on days 10, 11, and 14 was higher than the first day of long access (F (13,234) ¼ 5. Figure 3c shows that on the 90-min test, object exploration values were significantly above the hypothetical mean of 0.5 for rats in the saline/vehicle group (t (10) ¼ 4.05, po0.005). However, just as in experiment 1, rats with a history of meth SA (meth/vehicle) did not exhibit object exploration (to1, NS). Notably, CDPPB treatment prevented this deficit, as the meth/CDPPB group showed a significantly increased recognition index (t (9) ¼ 3.3, po0.01), as did the saline/CDPPB group (t (11) ¼ 8.95, po0.001). Comparison of recognition index scores across groups showed that the meth/vehicle group performance was significantly less than the other three groups (F (3,39) ¼ 6.69, po0.001; Tukey HSD, po0.05). The groups did not differ in approach to the objects or activity during the test (Table 1) . Figure 3d shows that on the 24-h test, object exploration values were significantly above the hypothetical mean of 0.5 for rats in the saline/vehicle (t (10) ¼ 3.27, po0.01) and saline/CDPPB (t (11) ¼ 3.65, po0.005) groups. However, both the meth/vehicle (to1.7, NS) and meth/CDPPB groups (to1, NS) did not exhibit object exploration, as their values were not significantly above 0.5. When directly compared, the meth/CDPPB group had a recognition index significantly less than the saline/vehicle and saline/CDPPB groups (F (3,39) ¼ 3.49, po0.05; Tukey HSD, po0.05). The groups did not differ in approach to the objects or activity during the test at the 24-h time-point (Table 1) . Additionally, Figure 3e depicts the negative correlation between meth intake and recognition index (r 2 ¼ 0.28, po0.013) for rats in the saline/veh and meth/veh groups.
mGluR expression. Table 2 shows that mGluR2/3 and -5 receptor expression levels did not differ in the hippocampus, perirhinal, and prefrontal cortex of yoked-saline and long access meth-SA rats on abstinence day 8. In light of the pronounced range in meth intake (25.96-97.08 mg/kg), we analyzed the correlations between meth intake and mGluR expression (Figure 4) . Meth intake was negatively correlated with mGluR5 levels in both the perirhinal and prefrontal cortices (perirhinal, r 2 ¼ 0.47, po0.002; prefrontal, r 2 ¼ 0.24, po0.05), but no such correlation was seen with mGluR2/3-expression levels. In the hippocampus, total meth intake did not correlate with either mGluR2/3 or mGluR5 expression. Additionally, when considering only those rats (n ¼ 5) with the highest meth intake (ie, top quartile), mGluR5 levels were decreased relative to control by 17.6% in the perirhinal cortex (t (12) ¼ 2.75, po0.05), and 23% in the prefrontal cortex (t (13) ¼ 2.95, po0.05), an effect not evident with perirhinal cortex mGluR2/3.
DISCUSSION
In this study, chronic meth SA caused a pronounced object recognition memory deficit that was reversed by CDPPB, a positive allosteric modulator of mGluR5. The positive allosteric modulation of mGluR5 receptors by CDPPB may have compensated for a downregulation of cortical mGluR5 receptors in meth-experienced rats. At 2 weeks after meth SA, mGluR5 levels were decreased 19% relative to controls in the perirhinal cortex. Furthermore, the degree of previous meth intake correlated with receptor expression in the prefrontal and perirhinal cortices 8 days after meth cessation. The meth-induced memory impairments and their reversal by CDPPB suggest that escalated meth SA, akin to the binge use of meth in humans, produces selective alterations in cortical mGluR5 function that underlie the cognitive deficits associated with heavy meth use.
The extended access SA regimen mimics the course of meth addiction in humans more closely than experimenterdelivered meth. The greater clinical relevance of the SA model is because of the contingent delivery of the drug and the escalation of drug intake as demonstrated by significantly higher intake during the final days relative to the first day of extended access (Ahmed and Koob, 1999; Ahmed et al, 2000; Kitamura et al, 2006; Rogers et al, 2008; Schwendt et al, 2009) . With regard to recognition memory, both extended access to meth and cocaine produced deficits in recognition memory using other variations of object recognition tests (Briand et al, 2008; Rogers et al, 2008) , which are analogous to those reported in human meth addicts (Scott et al, 2007) . In our laboratory, escalated meth intake resulted in persistent decreases in dopamine transporter protein levels in the prefrontal cortex and dorsal striatum; however, markers specific for dopamine toxicity or glial cell activation were not impacted (Schwendt et al, 2009) . In contrast, a 15-h per day Â 8 days of meth-SA study reported cortical and striatal reductions in DAT and tyrosine hydroxylase, accompanied by elevated glial fibrillary acidic protein in these regions (Krasnova et al, 2010) . Similarly, Sekine et al (2008) demonstrated microglial activation in the brains of human meth users. However, both short (1 h) and long (6 h) meth access conditions decreased cell proliferation and survival, and increased cell death in the medial prefrontal cortex (Mandyam et al, 2007) . Regardless of the differences between these studies, meth-SA paradigms, particularly long access, are beginning to characterize long-term neurochemical and functional changes in rodents that are suggestive of human meth addiction.
The perirhinal cortex has emerged as one of the primary brain areas involved in encoding, consolidation, and retrieval of recognition memory involving interactions with the hippocampus (Warburton and Brown, 2010; Winters and Bussey, 2005) . These areas have dense connections between them, either directly or indirectly through the entorhinal cortex, and have distinct roles in recognition memory (Aggleton and Brown, 2005; Brown and Aggleton, 2001; Wan et al, 1999) . However, most ablation studies do not find consistent effects of hippocampal lesions on novel object recognition memory, particularly when spatial processing is minimized (Mumby, 2001; Winters et al, 2004) , leading to the general consensus that the perirhinal cortex is the primary mediator of object recognition memory. Additionally, both electrophysiological and immunohistochemical studies show that a proportion of perirhinal neurons respond to novel stimuli, and this response is decreased with ensuing exposures (Brown and Aggleton, 2001; Zhu et al, 1995) . Indeed, the induction of long-term depression (LTD) in the perirhinal cortex is one mechanism suggested to underlie recognition memory (Cho et al, 2000; Massey and Bashir, 2007) .
The perirhinal cortex is of additional importance with regard to meth addiction, as multiple neurotransmitter systems (including serotonin, cannabinoid, and glutamate) are dysregulated in the perirhinal region by meth (Belcher et al, 2005; Belcher et al, 2008; Bortolato et al, 2010) . Blockade of NMDA, mGluR2/3, and mGluR5 receptors in the perirhinal cortex before sampling objects impaired object recognition at 24-h intervals (Barker GRI et al, 2006; Barker GR et al, 2006) . Interestingly, LTD in the perirhinal cortex requires conjoint activation of both NMDA and mGluRs, rather than other forms of LTD that depend upon specific activation of ionotropic or metabotropic receptors (Cho et al, 2000) ; hence, meth-induced dysregulation through any of these receptors may prevent the development of LTD, thus blocking recognition memory. Support for this possibility comes from a study in which mGluR5-dependent LTD was impaired in rats with a previous history of cocaine SA (Moussawi et al, 2009) .
The dysregulation in mGluR5 and not -2/3 is interesting, as systemic and perirhinal intracortical coadministration of antagonists for both receptor subtypes was required to block acquisition of recognition memory with a 24 h delay (Barker GR et al, 2006) , suggesting that both combined activation of mGluR5-dependent postsynaptic signaling and presynaptic modulation of glutamate release by mGluR2/3 are important for recognition memory. Given this finding, we expected a decrease in both group I and II mGluRs in the perirhinal cortex. Although the magnitude of reduction was similar between mGluR2/3 and -5 in the perirhinal cortex on abstinence day 14, changes in mGluR2/3 were not significant. Consistently, meth intake did not correlate with mGluR2/3, nor did rats in the upper quartile of meth intake differ from controls in mGluR2/3 expression. Combined, these data suggest that perirhinal mGluR5 receptors may be more sensitive to the effects of chronic meth than mGluR2/3. Although the exact mechanisms responsible for this difference remain to be determined, one possibility is the interaction of mGluR5 with NMDA receptors, given the functional linkage between these receptors (Alagarsamy et al, 1999; Awad et al, 2000; Salt and Binns, 2000) and the importance for both mGluR5 and NMDA in object recognition memory (Barker GR et al, 2006; Barker GRI et al, 2006; Christoffersen et al, 2008; Uslaner et al, 2009) .
Excitotoxic lesions of the perirhinal cortex, but not the prefrontal cortex, completely impair object recognition memory (Barker et al, 2007; Mitchell and Laiacona, 1998; Warburton and Brown, 2010) . Further, object recognition memory does not rely upon interactions between the prefrontal and perirhinal cortices (Warburton and Brown, 2010) . However, Christoffersen et al (2008) reported that prelimbic cortex infusions of MPEP (an mGluR5 antagonist) blocked recognition memory when the sample to test interval was very short (5 min). Given this finding and the impact of meth on frontal cortex-mediated cognitive processes, we extended the brain areas investigated in Experiment 2 to include the prefrontal cortex. Decreased mGluR5 was not readily apparent at 8 days after meth SA, suggesting that longer durations of abstinence from meth may be required for this neuroadaptation to be expressed, as seen with changes ensuing after chronic cocaine (Ghasemzadeh et al, 2009; Grimm et al, 2003; Tran-Nguyen et al, 1998) and meth (Krasnova et al, 2010) . However, a closer examination of the data provides a more parsimonious explanation for this finding. When considering rats with the highest meth intake (ie, upper quartile), mGluR5 expression was reduced relative to controls at both abstinence time points (day 8 and 14). Additionally, subjects in the two different experiments exhibited a difference in the range of meth intake, whereby intake in the first experiment ranged from 55.15-103.28 mg/kg, in contrast to 25.96-97.08 mg/kg in the second experiment. Having the lower end of the continuum provided an opportunity to assess the relationship between meth intake and mGluR expression. As meth intake increased, the expression of mGluR5 decreased in the perirhinal and prefrontal cortices. Importantly, this negative correlation was consistent with the selective mGluR5 decrease in the perirhinal cortex on day 14 of abstinence, in that, such correlations were not apparent with mGluR2/3 or in the hippocampus. Taken together, these data establish a plausible association between meth intake and decrease in cortical mGluR5 at the time of object recognition testing.
Positive allosteric modulators of mGluR5, such as CDPPB, may offer a novel therapeutic approach to treat addiction. These compounds bind to an allosteric site distinct from the orthosteric glutamate-binding site of the mGluR5 (Kinney et al, 2005) . Although devoid of any agonistic activity, positive allosteric modulators potentiate the receptor response to endogenously released glutamate (Christopoulos, 2002) . Additionally, mGluR5-positive allosteric modulators, such as CDPPB and related compounds, enhance synaptic plasticity (Ayala et al, 2009 ), improve cognitive function (Liu et al, 2008) , facilitate extinction of cocaine-conditioned cues , and decrease extinction responding after cocaine SA (Olive, 2010) . In addition to enhancing cognitive function in normal rats, CDPPB reverses amphetamine-induced deficits in prepulse inhibition (Kinney et al, 2005) and MK-801-induced deficits in both object recognition memory (Uslaner et al, 2009 ) and cognitive flexibility (Darrah et al, 2008; Stefani and Moghaddam, 2010) .
The deficit in object recognition memory is not merely a consequence of meth exposure, because rats given 1-or 2-h daily meth SA exposure do not exhibit the same memory deficit (Rogers et al, 2008) . Additionally, we have found that rats given 2-h meth SA sessions for 14 days spend more time interacting with novel objects rather than familiar objects, indicating intact recognition memory (unpublished data). However, perirhinal mGluR5-receptor expression has not been assessed in rats with limited access to selfadministered meth (ie, 1-or 2-h sessions), so it remains unknown whether this deficit is specific to chronic extended access conditions. Meth rats and the yoked controls did not differ on activity, approach to objects, and time spent with objects during familiarization, indicating no a priori group differences that would interfere with acquisition. In this study, CDPPB recovered the meth-induced memory deficit, whereas the drug was active in the central nervous system, but not after clearance of the compound. The first test was conducted 90 min after injection and only lasted 3 min; thus, the drug was active at this time point as the plasma half-life of the drug is reported to be approximately 4 h in rats (Kinney et al, 2005) . Further, CDPPB did not impact motor activity or approach during this test, indicating that changes in time spent with the objects was not because of activity or motivational changes from CDPPB treatment. The 24 h test conducted well after clearance of the compound, a time point in which both meth/vehicle and meth/CDPPB groups were impaired in recognition memory and controls (saline/vehicle and saline/CDPPB), had no difficulty discriminating between novel vs familiar objects. CDPPB did not engender greater object recognition in control rats, although in a recent study, CDPPB improved object recognition memory in unimpaired (ie, normal) rats (Uslaner et al, 2009) . The similar recognition indices between saline/vehicle and saline/CDPPB rats in this study may be because of the specific objects used to test recognition memory. Specifically, CDPPB may enhance memory if objects have minimal discernable features, but no impact when objects vary on multiple stimulus dimensions, as in this study.
In conclusion, these findings demonstrate that extended meth SA results in memory deficits linked to localized decreases in cortical mGluR5-receptor expression. Further, the meth-induced cognitive impairments can be recovered by positive allosteric modulation of mGluR5 receptors. Future assessment using this translationally relevant model will be particularly beneficial for therapeutic intervention targeted to alleviate the cognitive and motivational deficits observed in meth addiction.
